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Abstract: Fluorescence imaging is used for quantitative in vivo assessment of drug concentration. 
Light attenuation in tissue is compensated for through Monte-Carlo simulations. The intrinsic 
fluorescence intensity, directly proportional to the drug concentration, could be obtained. 
©2010 Optical Society of America 
OCIS codes: (170.3880) Medical and biological imaging; (110.0113) Imaging through turbid media 
1. Introduction 
FosPeg® (biolitec AG, Jena, Germany) is a new photosensitizer based on FOSCAN, aiming to optimize its 
distribution properties. It is important to study the pharmacokinetics and distribution of this novel drug to better 
understand its potential for photodynamic therapy. Fluorescence imaging is a non-invasive and sensitive modality to 
follow the drug concentration. However the raw fluorescence signals from tissue surfaces recorded in the images are 
heavily attenuated by tissue with different optical properties. There exists a need to compensate for such attenuation. 
Themelis et al. developed a fluorescence imaging system using light-absorption correction based on a ratio approach 
of fluorescence over light attenuation images in the NIR excitation and emission [1]. We present a novel method 
utilizing time-resolved fluorescence white Monte Carlo (FWMC) simulations in combination with Beer-Lambert 
law to obtain the intrinsic fluorescence intensity originating from the fluorophores. The results from calibration on 
tissue phantoms have shown very good correlations between the intrinsic fluorescence intensities and dye 
concentrations regardless of the phantom optical properties. Our approach also offers advantages of a wide 
wavelength region and a very low concentration detection limit. Results from pharmacokinetic studies of FosPeg in 
animals are presented. 
2. Materials and methods 
2.1 Animal procedure and phantom preparation 
The biodistribution and pharmacokinetics of FosPeg were investigated in 30 female NMRI nu/nu mice. At different 
intervals (30 min, 2h, 4h, 8h and 18h) after the photosensitizer injection the animals were sacrificed, and eight 
organs were excised (tumor, muscle, skin, liver, spleen, kidney, lung and heart) for measurements. The results from 
high performance liquid chromatography (HPLC) of excised tissue are used as a gold standard to be correlated to the 
fluorescence measurements. 
A set of liquid tissue phantoms were prepared with water, intralipid, ink, and Rhodamine 6G. The relevant 
optical properties are chosen to be typical for tissue. 
2.2 Measurements 
Excitation light at 405 nm is delivered through an optical fiber mounted above the target. Images of the fluorescence, 
after being spectrally filtered using a liquid crystal tunable filter centered at 652 nm (corresponding to the peak 
emission of m-THPC), were acquired using a CCD camera. As to the phantoms, the excitation and emission are at 
532 nm and 600 nm, respectively. The optical properties of the phantoms were measured with a time-of-flight 
spectroscopy system employing a supercontinuum white-light source [2]. 
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2.3 Evaluation criteria 
The principle of White Monte Carlo is explained in Ref. [2]. Swartling et al. showed an accelerated approach used in 
time-resolved fluorescence emission spectra modeling with higher computing efficiency than traditional MC [3]. 
Thus the FWMC simulation was used to obtain the intrinsic fluorescence inside tissue. The geometry used for the 
simulation is similar as shown in Ref. [3]. Furthermore, define t1 and t2 as the time taken from the light source to the 
intrinsic fluorophores by the excitation photons and from the fluorophores to the tissue surface by the emission 
photons, respectively. First, the fluorescence intensities ( , , 0, 0, , , )1 2
x m x mF r t ts s a aμ μ μ μ= =  for a non-absorbing white 
medium with certain scattering coefficients xsμ and msμ  can be simulated through a FWMC procedure by 
making and . 0xaμ = 0
m
aμ =
2
1 2 1 20 0 0
( , , 0, 0, , , ) d d ' d ' ( , 0, ', , ) ( , 0, , , )x m x m x x m ms s a a eff s a s aF r t t z r A r z t E d z t
πμ μ μ μ φ ϕ μ μ μ μ∞ ∞= = = = =∫ ∫ ∫         (1) 
where 1( , , ', , )
x x
s aA r z tμ μ  and  are the absorption probability of the excitation light and emission 
probability, respectively.  d r .
2( , , , , )
m m
s aE d zμ μ t
( ' 2 'cos 'r rr ϕ= + + eff2 2 1/2) φ is the effective quantum yield, which is proportional to 
the photosensitizers concentration. 
If absorptions are added to this white medium both for the excitation and emission light, the corresponding 
fluorescence intensities can be derived from 0 0 1 2( , , 0, 0, , , )
x m x m
s s a aF r t tμ μ μ μ= =  with the Beer-Lambert law: 
1 2 1 2 1 2( , , , , , , ) ( , , 0, 0, , , )exp( )exp( )
x m x m x m x m x m
s s a a s s a a a aF r t t F r t t vt vtμ μ μ μ μ μ μ μ μ μ= = = − −            (2) 
where v c n= . Integrate over the time delay and , and the distance , we will get 1t 2t r
1 2 1 2
1 2 1 2 1 2 1 2 1 2
, , , ,
d d d ( , , , , , , ) d d d ( , , 0, 0, , , ) exp( )x m x m x m x m x ms s a a s s a a a a
t t r t t r
t t rF r t t t t rF r t t vt vtμ μ μ μ μ μ μ μ μ μ= = = −∫∫∫ ∫∫∫ − =
−Δ
 
                                                       (3) 
1 2
1 2 1 2
, ,
d d d ( , , 0, 0, , , ) exp( )x m x ms s a a
t t r
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By further defining a correction factor for compensating the attenuation due to the tissue absorption both for the 
excitation and emission 
1 2
1 2
1 2 1 2
, ,
1 2 1 2 1 2
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∫∫∫                           (4) 
It is note worthy to point out that the term in Eq. 2 corresponds to the 
measured fluorescence intensity, 
1 2
1 2 1 2
, ,
d d d ( , , , , , , )x m x ms s a a
t t r
t t rF r t tμ μ μ μ∫∫∫
measF . Then take Eq. 1 into account, we have 
1 2
1 2 1 2
, ,
exp( )  d d d ( , , 0, 0, , , )    sensitizer concentrationx m x mmeas s s a a eff
t t r
F t t rF r t tμ μ μ μ φΔ ∝ = = ∝ ∝∫∫∫         (5) 
3. Results and discussion 
The tissue was assumed to be homogeneous and the sensitizer to be uniformly distributed. All images from the 
animal measurements were prior to processing cropped to the size of the organs. The fluorescence intensity for an 
image was computed as the average over the total organ.  Fig. 1 shows the correlation between the raw fluorescence 
signals and the sensitizer concentrations for the murine livers and kidneys. The poor correlations obviously show 
that turbid tissue does play an important role in the measured fluorescence. Meanwhile tissue autofluorescence, the 
profile of the laser beam, tissue inhomogeneity, and so forth also contribute. 
To compensate the attenuation caused by tissue, the optical properties for different organs need to be known. 
The values from literatures vary much and are not consistent with each organ sample. Therefore we firstly tested our 
method with tissue-like phantoms. The concentrations of Rhodamine 6G and absorption coefficients of the 
phantoms (here m ma a aμ μ μ= = ) are given in Fig. 2. The scattering coefficients are 177.42 cmxsμ −=  and 
, respectively. The anisotropic factor . Fig. 2 shows the correlation between the 
fluorescence in a logarithm scale and dye concentrations before and after the attenuation correction. The crosses 
163.85 cmmsμ −= 0.87x mg g= =
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illustrate that the fluorescence from the surface is heavily dependent on the optical properties. The intrinsic 
fluorescence (circles) from the fluorophores, achieved by multiplying the measured intensities with a simulated 
correction factor (as defined in Eq. 4), has an extremely good correlation to the dye concentrations. 
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Fig. 1. Scatter plot and a linear fit of the data, showing the correlation          Fig.2. Correlations between the fluorescence intensities and dye 
 between the raw fluorescence intensities and HPLC values.                          concentrations for liquid tissue phantoms. 
For the animal case, Fig.3 shows that the simulated correction factor, which can compensate for the tissue 
attenuation both for the excitation and emission, depends much more on tissue absorption than scattering 
coefficients. The approach gives a correction factor for different organs investigated, yielding an intrinsic 
fluorescence intensity and thus accurate concentration of the drug. Results from different organs and drug to light 
intervals will be presented. 
 
Fig.3 Dependence of the correction factor on tissue absorption coefficients for murine tissue, where xsμ 157.5cm−= , msμ 135cm−= , 
   g = 0.8 for liver, and xsμ 1 , 240cm−= msμ 1117cm−= , g = 0.8 for kidney [4] were used. 
4. Conclusion 
In conclusion, a new approach combining fluorescence imaging and FWMC simulation is presented to accurately 
study the intrinsic fluorescence information and photosensizer concentration distribution in murine tissue. This 
approach offers a great advantage of minimizing the dependence on the tissue optical properties. It can be applied to 
in vivo drug quantification, surgical guidance, tumor delineation, and so forth. 
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